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lating exocytosis at the synapse therefore requires a
detailed understanding of their properties. Probably the
most complete characterization is that of Ca2 buffers
at the ribbon synapse of hair cells, which suppress the
coupling between Ca2 channels and Ca2-activated K
Juan Burrone, Guilherme Neves, Ana Gomis,
Anne Cooke, and Leon Lagnado1
MRC Laboratory of Molecular Biology
Hills Road, Cambridge CB2 2QH
United Kingdom
channels (Roberts, 1993, 1994; Tucker and Fettiplace,
1996; Edmonds et al., 2000). But understanding the
properties of endogenous Ca2 buffers is not enough toSummary
understand their role in synaptic transmission. There
are still basic uncertainties about the way in which theCalcium-triggered exocytosis at the synapse is sup-
pressed by addition of calcium chelators, but the ef- opening of Ca2 channels leads to the triggering of fast
exocytosis (Borst and Sakmann, 1996; Naraghi andfects of endogenous Ca2buffers have not been tested.
We find that 80% of Ca2 binding sites in the synaptic Neher, 1997), so the potential role of endogenous Ca2
buffers must be tested experimentally.terminal of retinal bipolar cells were associated with
mobile molecules that suppressed activation of Ca2- We have investigated how mobile Ca2 buffers regu-
late fast exocytosis at the ribbon synapse of depolariz-sensitive K channels with an efficiency equivalent to
1.2 mM BAPTA. Removing these buffers caused a ing bipolar cells from the retina of goldfish. We find that
the great majority of Ca2 binding sites in the terminals30-fold increase in the number of vesicles released by
Ca2 tail currents lasting0.5 ms and a 2-fold increase of bipolar cells are associated with a mobile buffer that
binds Ca2 ions rapidly at sites close to Ca2 channels.in the rapidly releasable pool of vesicles (RRP). The
effects of BAPTA and EGTA indicate that vesicles com- Removal of the buffer by whole-cell dialysis increased
the efficiency of exocytosis in two ways. First, there wasprising the RRP were docked at variable distances
from Ca2 channels. We propose that endogenous Ca2 a 30-fold increase in the number of vesicles released
by a stimulus of 0.5 ms. Second, the total number ofbuffers regulate the size of the RRP by suppressing
the release of vesicles toward the periphery of the vesicles released during the fastest phase of exocytosis
was increased 2-fold. This functionally distinct group ofactive zone.
vesicles is commonly termed the rapidly releasable pool
(RRP), and the size of this population is a key factorIntroduction
determining the efficiency of synaptic transmission
(Burns and Augustine, 1995). EGTA and BAPTA alsoNeurotransmitter release is triggered by Ca2 influx
through voltage-sensitive Ca2 channels that open when regulated the size of the RRP, although 20% of the
vesicles with the potential for rapid release were refrac-the presynaptic terminal is depolarized (Katz and Miledi,
1967; Zucker, 1996). The delay between the opening of tory to the effects of 75 mM EGTA. The results support
the suggestion that vesicles with the potential for rapidCa2 channels and exocytosis can be less than 100 s,
indicating that Ca2 ions diffuse less than 100 nm to release are located at variable distances from Ca2
channels (Borst and Sakmann, 1996; Burrone and Lag-trigger vesicle fusion (Sabatini and Regehr, 1996; Neher,
1998). The idea that fast exocytosis is triggered at sites nado, 2000; Sakaba and Neher, 2001). We therefore pro-
pose that endogenous Ca2 buffers regulate fast exo-very close to Ca2 channels is supported by the effects
of adding alien Ca2 chelators. At the squid giant syn- cytosis in two ways. First, suppression of the Ca2 signal
reduces the rate constant of exocytosis and so the num-apse, 80 mM EGTA does not inhibit exocytosis triggered
by an action potential, while BAPTA does (Adler et al., ber of vesicles released on the timescale of a millisec-
ond. Second, limiting the spatial spread of Ca2 ions1991). This is thought to be because BAPTA binds Ca2
ions about 100-fold faster than EGTA and so intercepts prevents the release of vesicles toward the periphery of
the active zone and so reduces the size of the RRP.them over shorter distances. The inhibition of exocytosis
by the addition of Ca2 chelators leads to an obvious
question: how might the Ca2 buffers normally present Results
in the synaptic terminal modulate fast exocytosis?
Models of Ca2 diffusion indicate that Ca2 signals First we describe the properties of Ca2 buffers in the
will depend on the concentration of a buffer and its synaptic terminal of bipolar cells. We then describe how
affinity for Ca2, the rate at which it binds Ca2, and its these buffers regulate exocytosis and compare their
mobility in the cytoplasm (Roberts, 1994; Naraghi and actions with EGTA and BAPTA.
Neher, 1997). If these buffers are fixed, they will rapidly
become saturated and ineffective. But if the buffers are Calcium Buffering Power in the Synaptic Terminal
mobile, they will cause Ca2 to redistribute rapidly from of Bipolar Cells
sites of influx, establishing a standing gradient in [Ca2], Global increases in free [Ca2] were measured during
often termed a “microdomain” (Neher, 1998). An under- Ca2 influx through Ca2 channels, and the buffering
standing of the role that Ca2 buffers might play in regu- power of the terminal quantified as the “Ca2 binding
ratio”  (Experimental Procedures). Loss of endogenous
Ca2 buffers was prevented by recording in the perfora-1 Correspondence: ll1@mrc-lmb.cam.ac.uk
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Figure 1. A Mobile Calcium Buffer Limits the Rise in Global [Ca2] in the Synaptic Terminal of Retinal Bipolar Cells
(A) Changes in free [Ca2] measured with fura-2. Ca2 currents shown below. Arrow marks the Ca2-activated tail current.
(B) Relation between the changes in free and total [Ca2] (from results in [A]). Slope of the line through the points is 770.
(C and D) Similar measurements to (B) made over a higher range of [Ca2] using mag-fura-5. The slope of the line in (D) is 480.
(E) Recordings of the Ca2-activated tail current, first in the perforated patch configuration (red) then 2 min after obtaining a conventional
whole-cell recording with 0.1 mM EGTA (black). Stimulus was a 200 ms depolarization to 10 mV.
(F) Measurements of  before and after obtaining conventional whole-cell access to the interior of the terminal, marked by vertical dashed
line (results from cell in [E]). Each measurement of  was made by using the Ca2-activated tail current to estimate the free [Ca2] immediately
after a 200 ms depolarization.
ted patch configuration, and fura-2 was loaded as the free [Ca2] can be explained if a large proportion of Ca2
binding sites within the terminal have a Kd of 2 MAM ester. Figure 1 shows the Ca2 signal generated
by a 2 s depolarization that activated the Ca2 current (see Discussion).
maximally. The rise in free [Ca2] occurred at a relatively
constant rate for the first 0.5 s and then plateaued. The Majority of the Endogenous Ca2 Buffers
Were MobileFigure 1B plots the rise in free [Ca2] against the rise in
total [Ca2] during the first 0.5 s of stimulation. Applying To measure the effects of diffusible Ca2 buffers, we
compared measurements of  made during perforatedthe model described in Experimental Procedures, the
slope is equivalent to 1    I, where  and I are the patch recordings with conventional whole-cell re-
cordings that allow soluble molecules to exchange withCa2 binding ratios of the endogenous Ca2 buffers and
the added fura-2. In Figure 1B, the slope was 770, indi- the contents of the patch pipette. To make this compari-
son in individual terminals, we measured the free [Ca2]cating that only 1 in 769 Ca2 ions entering the terminal
remained free on the timescale required to reach equilib- using a Ca2-activated Cl conductance (Okada et al.,
1995), which generates an inward current that declinesrium with the buffers. The value of I for 50 M fura-2
is about 50 at 0.25 M Ca2, so the Ca2 binding ratio for as Ca2 is cleared from the terminal (arrowed in Figures
1A and 1C). The amplitude of this current was linearlythe endogenous buffers was720. The average value of
 at 0.25 M Ca2 was 930  160 (n  7). Ca2 ions related to the free [Ca2] in the range 0.2–6 M, with a
scaling factor of 9 pA/M at a membrane potential ofentering the terminal were buffered very effectively.
The value of  will depend on the [Ca2] over which 70 mV (see Experimental Procedures and Figure 8).
Figure 1E shows that the peak amplitude of the Ca2-it is measured, because this determines the concentra-
tion of free buffer (Equation 7). The [Ca2] in the bipolar activated tail current increased 4-fold after the patch
was ruptured to obtain a whole-cell recording with 0.1cell terminal can reach a few micromolar in response to
prolonged depolarization, so  was also measured in mM EGTA in the pipette. was about 500 in the presence
of endogenous Ca2 buffers but fell to a steady valuethis range using an indicator of low affinity, mag-fura-5
(Kd  20 M). An example experiment is shown in Figure of about 120 after dialysis with 0.1 mM EGTA (Figure
1F). Averaged measurements of  were 470  20 in1C. In the range of [Ca2] from 1 to 2.5 M, the value
of was 480 in this terminal (Figure 1D), and the average the presence of endogenous buffers and 166  8 after
dialysis in 0.1 mM EGTA (n  8). This decrease in buff-was 470 50 (n 7). These values of were significantly
lower than the value of 930 measured at 0.25 M Ca2. ering power could be ascribed to the loss of mobile
molecules that bind Ca2 because it could be preventedThe decreased buffering power of the terminal at higher
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Figure 2. The Mobile Ca2 Buffer Sup-
pressed Global Ca2 Signals with an Effi-
ciency Equivalent to 1 mM BAPTA or EGTA
(A) Recordings of the Ca2-activated tail cur-
rent in the perforated patch configuration
(red) and then at least 2 min after obtaining
a conventional whole-cell recording with pi-
pettes containing either 0, 0.5, or 2 mM
BAPTA (all supplemented with 0.1 mM EGTA).
Stimulus was a 1 s depolarization to10 mV.
(B) The initial amplitude of the tail current as
a function of the charge carried by Ca2 influx
(QCa,). Measurements shown for the four con-
ditions in (A): perforated patch (red circles,
n  5 terminals) and BAPTA concentrations
of 0 (black circles, n  4), 0.5 (diamonds, n 
3), and 2 mM (triangles, n  3). Each set of
points was fitted with a line through the origin,
the slope of which is inversely proportional
to .
(C)  as a function of the concentration of
BAPTA (closed circles) or EGTA (open circles)
in the terminal. Dashed line shows the aver-
age value of  in the presence of endogenous
buffers (from the same set of terminals).
by increasing the concentration of EGTA or BAPTA in the equilibrium with Ca2,  is proportional to its dissociation
constant (Equation 7), and BAPTA has a Kd of192 nM,patch pipette (Figure 2 and below). The great majority of
Ca2 binding sites inside this synaptic terminal were while EGTA has a Kd of 170 nM.
What was the contribution of immobile Ca2 buffers?therefore associated with mobile molecules. Removal
of these molecules by whole-cell dialysis was typically It was necessary to always include a low concentration
of EGTA or BAPTA in the patch pipette to prevent load-complete within 3 min (Figure 1F).
ing terminals with excess Ca2, but extrapolation of the
results in Figure 2C to zero added buffer yielded valuesReplacement of Endogenous Buffer with EGTA
of   92 (using EGTA) and   137 (using BAPTA).and BAPTA
Comparing these values to  in the perforated patchThe properties of endogenous Ca2 buffers were investi-
configuration (470), indicates that mobile molecules ac-gated by comparing their effects with known concentra-
counted for80% of sites that bound Ca2 ions enteringtions of BAPTA or EGTA. Figure 2A shows that whole-
the terminal.cell dialysis in 0.1 mM EGTA caused the amplitude of
the Ca2-activated tail current to increase, but the addi-
tion of 0.5 mM BAPTA counteracted this effect, while 2 Endogenous Ca2 Buffers Suppressed the Ca2
Signal Close to Ca2 ChannelsmM BAPTA buffered Ca2 ions more effectively than
endogenous buffers. Collected results are plotted in Fig- To investigate how mobile buffers might affect the Ca2
signal close to Ca2 channels, we used Ca2-activatedure 2B as the relation between the peak amplitude of
the Ca2-activated tail current measured immediately potassium channels of large conductance (BKCa chan-
nels) as reporters of Ca2 (Burrone and Lagnado, 1997).after closure of Ca2 channels and the charge carried
by Ca2 influx. Thus, a single measurement of  was This approach has been used to investigate local Ca2
signals in hair cells (Roberts, 1993; Tucker and Fetti-made per depolarizing stimulus. The amount of Ca2
influx was varied by altering the duration of the depolar- place, 1996) and frog motor neurons (Yazejian et al.
2000). Figure 3A shows voltage-clamp records from aizing pulse. The slope of the line through the measure-
ments made in the perforated patch configuration terminal held at a membrane potential of 60 mV when
all the Ca2 channels were closed. Stepping to increas-yielded an estimate of   470, which is similar to the
estimate made using mag-fura-5 (Figure 1). The value ingly positive potentials activated an inward current car-
ried by Ca2, but within milliseconds, an outward currentof  depended on the concentration of buffer in the
pipette, as shown in Figure 2C. The mobile buffers nor- developed due to the activation of BKCa channels.
Activation of BKCa channels before and after whole-mally present in the synaptic terminal were equivalent
to 1.2 mM BAPTA or 0.9 mM EGTA. The similarity of cell dialysis was measured in individual synaptic termi-
nals. Figure 3B shows the currents evoked by threethese values is expected because when a buffer is in
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Figure 3. The Mobile Ca2 Buffer Sup-
pressed Activation of Ca2-Activated K
Channels
(A) Activation of BKCa channels by step depo-
larizations from a holding potential of60 mV
followed by repolarization to 50 mV. Tail
current reflecting closure of BKCa channels
could be fitted by a single exponential (bold
red lines).
(B) Ca2-activated K current in the presence
of endogenous buffers (red) and after dialysis
with 0.1 mM EGTA (black). Three pairs of re-
sponses were activated at the potentials
marked. All records from the same terminal.
(C) BKCa channel activation as a function of
membrane potential in the presence of en-
dogenous buffers (red) and after dialysis with
0.1 mM EGTA (black).
(D) Results in (C) plotted on double-logarith-
mic axes to quantify the shift in the voltage
dependence of KCa channel activation (7.2
mV). Abcissa is the amplitude of the voltage
step from the holding potential of 60 mV.
different voltage steps in the perforated patch configura- EGTA. At a concentration of 1.6 mM, EGTA suppressed
activation of BKCa channels much less efficiently thantion and then at least 4 min after whole-cell dialysis in
0.1 mM EGTA. Removing endogenous buffers increased the endogenous buffer, while 1.6 mM BAPTA was more
efficient. Even 10 mM EGTA was slightly less effectiveKCa channel activation in response to the small Ca2
currents evoked at membrane potentials below30 mV. than the endogenous buffers, while 10 mM BAPTA
blocked the activation of BKCa channels over a wideTo quantify BKCa channel activation, the membrane was
repolarized to 50 mV, when Ca2 channels closed voltage range.
Replacement of endogenous buffers with EGTA orwithin 0.5 ms, but the outward current decayed more
slowly as BKCa channels closed. The initial amplitude of BAPTA shifted the voltage-dependence of BKCa activa-
tion (Figures 4C and 4D). This shift is plotted as a func-the tail current at 50 mV was estimated by fitting its
decay with an exponential function (bold red lines in tion of buffer concentration in Figure 4E. The endoge-
nous buffer suppressed the activation of BKCa channelsFigure 3A) and extrapolating back to the time of repolar-
ization. Figure 3C plots the degree of BKCa channel acti- with an efficiency equivalent to1.2 mM BAPTA or8.6
mM EGTA, as estimated by linear interpolation. Thus,vation against the potential during the voltage step for
recordings in the perforated patch configuration and while EGTA and BAPTA were equally effective at sup-
pressing the global Ca2 signal (Figure 2C), BAPTA wasduring whole-cell dialysis with 0.1 mM EGTA. Removal
of mobile Ca2 buffers allowed a given level of activation about 7-fold more effective at suppressing the activation
of BKCa channels. BAPTA mimicked both global andto occur at a more hyperpolarized potential when the
Ca2 current was weaker. The double-logarithmic plot local effects of the endogenous buffer at a concentration
of 1.2 mM (Figures 2C and 4E), while EGTA suppressedin Figure 3D shows that the endogenous buffer shifted
the voltage dependence of BKCa activation by 7.2 mV local signals much less effectively. This comparison indi-
cates that the endogenous buffer bound Ca2 at a ratewithout altering the limiting slope. Notably, the endoge-
nous buffers suppressed the local Ca2 signal most similar to BAPTA.
strongly at membrane potentials negative to 25 mV,
which is the voltage range that the synapse of the depo- Endogenous Ca2 Buffers Inhibited
larizing bipolar cell normally operates over (Ashmore Fast Exocytosis
and Falk, 1980). Do the mobile Ca2 buffers in the synaptic terminal of
bipolar cells also suppress the Ca2 signal detected by
the Ca2-sensitive molecule that triggers fast exo-Endogenous Buffers Bound Ca2 Rapidly
To investigate the speed of the endogenous Ca2 buff- cytosis? To test this possibility, the capacitance tech-
nique was used to measure exocytosis under differenters, we compared their effects on activation of BKCa
channels with the “slow” buffer EGTA (Kon 9  106 M1 buffering conditions. Figure 5A compares averaged re-
sponses to a 20 ms depolarization that activated thes1) and the “fast” buffer BAPTA (Kon 6  108 M1 s1).
Figures 4A and 4B show recordings from four different Ca2 current to a similar degree. Removal of mobile Ca2
buffers by whole-cell dialysis in the presence of 0.1 mMterminals, first in the perforated patch configuration then
after whole-cell dialysis in the presence of BAPTA or EGTA doubled the amount of exocytosis. In each case,
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Figure 4. Mobile Ca2 Buffers Suppressed
Activation of Ca2-Activated K Channels
with an Efficiency Equivalent to 1.2 mM
BAPTA
(A) BKCa currents in the presence of endoge-
nous buffers (red) and after dialysis with 1.6
or 10 mM EGTA (black).
(B) Similar comparison showing the effects
of 1.6 or 10 mM BAPTA. Each set of four
records obtained from a single terminal. Su-
perimposed pairs of records obtained using
voltage steps to the same potential (33 to
38 mV).
(C) Voltage dependence of BKCa channel acti-
vation at various EGTA concentrations (dou-
ble-logarithmic axes). Compared are the per-
forated patch configuration (red squares) and
EGTA concentrations of 0.1 (closed circles),
1.6 (open circles), and 10 mM (closed trian-
gles). Lines fitted through the limiting slope
by eye.
(D) Voltage dependence of BKCa channel acti-
vation at various BAPTA concentrations.
Compared are the perforated patch configu-
ration (red circles) and BAPTA concentrations
of 1.6 (open circles) and 10 mM (closed trian-
gles). Also plotted are measurements in 0.1
mM EGTA (closed circles from [C]), corre-
sponding to 0 BAPTA.
(E) Shift in the voltage dependence of BKCa
channel activation as a function of buffer con-
centration for BAPTA (closed circles) and
EGTA (open circles). Shift measured relative
to the voltage dependence of activation in
the presence of the endogenous buffer,
which was equivalent to 1.2 mM BAPTA or
8.6 mM EGTA. The solid lines show how these
equivalent quantities were obtained by linear
interpolation.
the membrane potential was stepped to 10 mV, when (Figure 5C). The amplitude of the response to a 20 ms
stimulus therefore defined the size of the RRP, ac-the Ca2 current was activated maximally to cause com-
plete depletion of the RRP (Burrone and Lagnado, 2000). cording to the usual kinetic definition of this quantity as
the number of vesicles involved in the first and mostIn terminals dialyzed with 0.1 mM EGTA, the averaged
increase in capacitance was 101  12 fF (n  14), while rapid phase of exocytosis. An important aspect of the
analysis in Figure 5 is that only the first two stimuliin terminals containing their endogenous Ca2 buffers,
it was 49  4 fF (n  28; Figure 5C). Endogenous Ca2 from each terminal were used to calculate averaged
responses. This precaution was necessary becausebuffers therefore suppressed exocytosis triggered by a
brief stimulus. Ten millimolar EGTA was slightly more EGTA causes a gradual run-down in the size of the RRP
during repetitive stimulation (Gomis et al., 1999). Theeffectively than the endogenous buffer (Figure 5A). The
actions of EGTA and the endogenous buffer on fast size of the RRP in the presence of different concentra-
tions of EGTA and BAPTA is plotted in Figure 5D. Theexocytosis are likely to reflect the supression of the Ca2
signal close to Ca2 channels because 10 mM EGTA size of the RRP was approximately the same in the
presence of endogenous buffers, 0.4 mM BAPTA or 2and the endogenous buffer also inhibited the opening
of BKCa channels with a similar efficiency (Figure 4E). mM EGTA.
Increasing the concentration of EGTA from 0.1 to 2
mM halved the size of the RRP (Figure 5D). EGTA con-Endogenous Ca2 Buffers Limited the Size
of the RRP centrations of 2 mM also inhibit exocytosis at the Calyx
of Held (Borst and Sakmann, 1996) and are expectedBoth endogenous and exogenous Ca2 buffers modu-
lated exocytosis by reducing the size of the RRP. Figure to suppress Ca2 signals at distances of 100–200 nm
(Neher, 1998). Sakaba et al. (1997) also found that fast5B compares averaged capacitance responses elicited
by stimuli of 20 and 500 ms. Under the various buffering exocytosis in the terminal of bipolar cells was signifi-
cantly reduced by 5 mM EGTA. Further support for theconditions, the response to a 500 ms stimulus was only
slightly larger than the response to a 20 ms stimulus conclusion that EGTA suppresses the Ca2 signal close
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Figure 5. Endogenous Ca2 Buffers Regu-
lated the Size of the RRP
(A) Averaged capacitance responses to 20
ms depolarizations in terminals containing
endogenous buffers (n  15) and dialyzed
with 0.1 mM EGTA (n  5) or 10 mM EGTA
(n  8). Responses elicited by Ca2 currents
of similar magnitude. Standard errors for these
measurements are shown in (C) and (D).
(B) Averaged capacitance responses to de-
polarizations of 20 ms (red) and 500 ms
(black), compared in terminals containing en-
dogenous buffers (n  15) and dialyzed with
0.1 mM EGTA (n  5) or 40 mM EGTA (n 8).
(C) Time course of the capacitance increase
in the presence of endogenous buffers (bold
black line) and EGTA concentrations from 0.1
to 75 mM. Response to the 20 ms stimulus
defined the size of the RRP.
(D). Size of the RRP as a function of buffer
concentration. The effects of EGTA (black)
and BAPTA (red) are compared with the en-
dogenous buffer (solid line). BAPTA concen-
trations tested were 0.4, 2, and 5 mM.
to Ca2 channels is provided by the observation that the RRP? This is unlikely, because BAPTA and EGTA
have very similar affinities for Ca2, yet BAPTA sup-2–10 mM EGTA inhibited the activation of BKCa channels
(Figure 4). Recent evidence indicates that EGTA inhibits pressed fast exocytosis much more effectively. It is more
likely that the effects of BAPTA on the size of the RRPa second action of Ca2 at the active zone—the trig-
gering of the fast mode of endocytosis (Neves et al., are dependent on its suppression of Ca2 signals close
to Ca2 channels (Figure 4).2001a).
Not all vesicles were sensitive to EGTA. A population
with a total capacitance of 23 fF was still capable of Endogenous Ca2 Buffers Supressed Exocytosis
Triggered by Brief Stimulirapid exocytosis in the presence of 40–75 mM EGTA
(Figure 5D). It seems likely that these “refractory” vesi- At “classical” synapses, exocytosis is triggered by an
action potential lasting2 ms, and the release probabil-cles were docked at distances 30 nm from Ca2
channels, when EGTA is expected to be ineffective at ity of a vesicle at the active zone is usually less than
0.1 (Goda and Sudhof, 1997). Although sensory neuronssuppressing the Ca2 signal (Adler et al., 1991; Neher,
1998). Fast release of vesicles refractory to EGTA was possessing ribbon synapses generate graded voltage
signals rather than action potentials, they can also re-completely blocked by 5 mM BAPTA, as also observed
by Mennerick and Matthews (1996). Taken together, the spond to very brief stimuli. For instance, bipolar cells
can release the RRP with a time constant as short asresults in Figure 5 indicate that vesicles at the active
zone of bipolar cells were located at variable distances 0.3 ms (Heidelberger et al., 1994), while exocytosis at
the ribbon synapse of hair cells can be phase locked tofrom Ca2 channels.
Increasing the concentration of Ca2 buffer inside the sounds of kilohertz frequencies (Furukawa et al., 1978).
To investigate how endogenous Ca2 buffers might reg-terminal might be expected to lower the resting [Ca2].
Could such an effect explain a decrease in the size of ulate exocytosis in response to brief stimuli, we mea-
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Figure 6. Endogenous Ca2 Buffers Suppressed Exocytosis Triggered by Brief Stimuli
(A) Ca2 currents elicited by step depolarizations lasting 0.5 ms (red) and 20 ms (black). Rapid closure of channels following repolarization
generated a brief tail current (arrowed).
(B) Capacitance responses triggered by stimuli of 0.5 ms (left) and 2 ms (right), recorded in the perforated patch configuration. Each test
stimulus was followed by a 20 ms depolarization to empty the remainder of the RRP. Ca2 currents eliciting the responses in the left-hand
trace are shown in (A).
(C) Time course of exocytosis elicited by step depolarizations in the presence of endogenous buffers (black) and 0.1 mM EGTA (red). RRP
was depleted with a time constant of 3.5 ms, with the endogenous buffers and 3.8 ms in 0.1 mM EGTA.
(D) Ca2 currents elicited after a prepulse to 150 mV lasting 2 ms. Red trace: Ca2 tail current immediately after repolarization to 70 mV.
Black trace: Ca2 current during a 2 ms step back to 10 mV before repolarization to 70 mV.
(E) Capacitance responses triggered by Ca2 tail currents in a terminal containing its endogenous buffers (right, average of three) or dialyzed
with 0.1 mM EGTA (left). In each case, the test stimulus was followed by a 20 ms step to 10 mV.
(F) The capacitance increase elicited by stimuli beginning with a prepulse, plotted against the time at 10 mV. Immediate repolarization to
70 mV plotted as zero time. Measurements in the presence of endogenous buffers (black) and after dialysis with 0.1 mM EGTA (red). In the
presence of endogenous buffers, the RRP was depleted with a time constant of 0.9 ms.
sured changes in membrane capacitance elicited by which the membrane was depolarized to 150 mV for
2 ms, then stepped back to 10 mV for variable periodsstep depolarizations lasting 0.5–10 ms. These test stim-
uli released a variable fraction of the RRP and were before returning to the holding potential. The prepulse
to150 mV increased the open probability of Ca2 chan-paired with a 20 ms stimulus that “emptied” the remain-
der of the RRP (see Gomis et al., 1999; Burrone and nels to the maximum but without allowing Ca2 influx.
Figure 6D shows that stepping back to70 mV immedi-Lagnado, 2000). Figure 6A shows examples of the Ca2
currents elicited by steps of 0.5 ms and 20 ms, and the ately after the prepulse caused Ca2 influx as a tail cur-
rent that deactivated within about 0.5 ms. Ca2 tail cur-left-hand side of Figure 6B shows the resulting capaci-
tance responses (measured in the perforated patch con- rents rarely elicited measurable capacitance responses
in terminals containing their endogenous buffers. In thefiguration). The 0.5 ms stimulus triggered a response of
about 2 fF, even though the “emptying” stimulus indi- example shown in Figure 6E (right-hand side), the re-
sponse was just 3 fF, even though the capacity of thecated that the capacity of the RRP was about 40 fF. In
comparison, a 2 ms step triggered the release of more RRP was about 60 fF. In contrast, Ca2 tail currents
consistently generated large capacitance increases inthan 50% of the RRP. Collected measurements in the
presence of endogenous buffers and 0.1 mM EGTA are terminals dialyzed with 0.1 mM EGTA (Figure 6E, left-
hand side). The capacitance increase elicited by a Ca2shown in Figure 6C. As well as reducing the total size
of the RRP by a factor of two, endogenous Ca2 buffers tail current averaged 1.5  1 fF (n  8) in terminals
containing their endogenous Ca2 buffers and 47  7caused a 2.4-fold reduction in exocytosis triggered by
a 2 ms step. fF (n  12) in terminals dialyzed with 0.1 mM EGTA.
Removing mobile buffers therefore caused a 30-fold in-In bipolar cells, exocytosis can occur so rapidly that
it is normally limited by the time lag between membrane crease in the amount of exocytosis triggered by this very
brief stimulus. The potentiation of the exocytic responsedepolarization and the opening of Ca2 channels (Men-
nerick and Matthews, 1996). For instance, Figure 6A could be attributed to the loss of mobile Ca2 buffers
because it was counteracted by whole-cell dialysis withshows that full activation of the Ca2 current takes about
2 ms at 10 mV so that Ca2 influx elicited by a 0.5 ms 2 mM EGTA (mean response 10  4 fF, n  6) or 0.4
mM BAPTA (mean response 4  3 fF, n  5).step is severely limited. To test the effects of Ca2 buff-
ers on these shorter timescales, we used test stimuli in The time course of exocytosis elicited by stimuli be-
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Figure 7. Calculations of the Effects of Mobile Ca2 Buffers at the Active Zone
(A) Electron micrograph of the synaptic terminal of an isolated bipolar cell. Boxed is a single active zone, identified by the the electron-dense
ribbon attached to the plasma membrane.
(B) The active zone marked in (A), showing vesicles congregating around the ribbon. Some of the vesicles attached to the plasma membrane
are marked with arrows.
(C) Calculation of the steady-state free [Ca2] as a function of distance from a point source of Ca2 influx. The endogenous buffer is expected
to severely limit the spread of the Ca2 signal at the active zone. The following values were used: ICa  3 pA, DCa  220 m2 s1, and resting
[Ca2]  50 nM. For EGTA, Kon  9  106 M1 s1 and Kd  170 nM. For BAPTA, Kon  6  108 M1 s1 and Kd  192 nM. For the endogenous
buffer, Kon  2.7  108 M1 s1, Kd  2.2 M, and B0  2.7 mM.
(D) The rate constant of exocytosis (Vexo) as a function of distance from the point source of Ca2 in (C), assuming that Ca2 activates exocytosis
according to the Hill equation Vexo  Vmax [Ca2]4 / ([Ca2]4  K4). Vmax  3000 s1 and K  200 M (Heidelberger et al., 1994).
ginning with a prepulse is plotted in Figure 6F, where by limiting the spatial spread of the Ca2 signal and
preventing rapid release of vesicles toward the periph-zero time represents immediate return to the holding
potential. In the presence of endogenous Ca2 buffers, ery of the active zone.
the RRP was 40 fF, and it was depleted with a time
constant of about 0.9 ms. After removal of these buffers, Properties of the Mobile Ca2 Buffer in the Synaptic
a similar number of vesicles were released by a Ca2 Terminal of Bipolar Cells
tail current (Figures 6E and 6F). After this first population To understand how the endogenous buffer is likely to
of vesicles was released, the rate of exocytosis fell dra- affect local Ca2 signals, we estimated its properties
matically, consistent with the idea that vesicles at the from the results in Figures 1–4.
active zone were located at variable distances from Ca2 Affinity and Capacity
channels. The value of  in the presence of endogenous buffers
was 930 at 0.25 M Ca2 and 470 at 1.5 M Ca2
(Figure 1), with fixed buffers contributing   110 (FigureDiscussion
2C). Mobile buffers therefore contributed   820 at
0.25 M Ca2 and   360 at 1.5 M Ca2. Applica-These results indicate that mobile Ca2 buffers in the
synaptic terminal of retinal bipolar cells regulate fast tion of Equation 7 yields a quadratic in Kd with real root
2.2 M, which in turn yields a total buffer concentrationexocytosis by suppressing the Ca2 signal close to Ca2
channels. As well as reducing the rate of exocytosis, of 2.7 mM.
Binding Constantendogenous and exogenous buffers limited the total
number of vesicles available for fast release, i.e. the For diffusion over short distances, it is useful to consider
the effects of a buffer on the mean free lifetime (	free) ofcapacity of the RRP. Below we seek to explain this
observation in the context of evidence that rapidly re- a Ca2 ion (Roberts, 1994). In the presence of a buffer
of concentration Bo, 	free  1/(KonBo). Figure 4 showsleasable vesicles are located at varying distances from
Ca2 channels at the active zone. We suggest that the that the endogenous buffer suppressed activation of KCa
channels with an efficiency equivalent to 1.2 mM BAPTAendogenous buffers might regulate the size of the RRP
Endogenous Calcium Buffers Regulate Exocytosis
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Figure 8. Calibration of the Ca2-Activated
Current Using Ca2-Sensitive Dyes
(A) Measurements of free [Ca2] made using
a calcium indicator of low affinity, mag-fura-5
(red). The stimulus duration was 5 s, and the
corresponding Ca2 current is shown in black.
After closure of Ca2 channels, residual Ca2
was cleared with 	 0.7 s. The fall in [Ca2]
was mirrored by the decline in an inward
Ca2-activated current. The relation between
the amplitude of this current and the [Ca2]
is plotted in (B). The line through the points
has a slope of 10 pA/M.
(C and D) Similar measurements made using
fura-2. The line fitted to the points in (D) has
a slope of 12 pA/M.
(Kon 6  108 M1 s1), when 	  1.4 s. So, if the 
  (DCa/KonBo)1/2,
endogenous buffer is present at a concentration of 2.7
where Bo is the free concentration of buffer, which willmM, it is expected to have a Kon of 2.7  108 M1 s1. depend on the global resting free [Ca2] (50 nM). TheDiffusion Coefficient
steady-state [Ca2] in the microdomain is expected toThe time constant (	) with which the mobile buffer was
be achieved within microseconds of the opening of Ca2lost during whole-cell dialysis is expected to depend on
channels (Roberts, 1994). We used the measured prop-its diffusion coefficient (D), the accessible volume of the
erties of the endogenous mobile buffer to calculate thecell (v), the pipette resistivity (), and pipette resistance
expected profile of the Ca2microdomain around a point(Rs), according to the expression 	  Rs v /D  (Neher, source in the presence of the endogenous mobile buffer1995). In Figure 1F, 60 s was a rough upper limit for 	
and after its replacement with 0.1 mM EGTA (Figurewhen the mobile buffer was lost into a pipette with Rs  7C). The key point from these calculations is that the7 M. Taking v as 0.45 fl (see Experimental Procedures)
endogenous buffer will be expected to severely restrictand  as 200  cm yields a lower limit of D  20 m2
the spatial extent of the Ca2 microdomain over the areas1. Buffers with this degree of mobility are expected to
that vesicles dock to the plasma membrane at the activelocalize Ca2 signals (Roberts, 1994).
zone. These calculations are not an attempt to provide
a comprehensive model of Ca2 signals at this synapse.
How Does the Endogenous Buffer Affect the Ca2 A fundamental difficulty with any such modeling is that
Signal at the Active Zone? we do not know the actual distribution of Ca2 channels
Electron micrographs of an active zone from a dissoci- at the active zone (Naraghi and Neher, 1997). We there-
ated bipolar cell are shown in Figures 7A and 7B. The fore assumed a point source of Ca2 injecting a current
electron-dense ribbon appears as a spherical structure of 3 pA, which is a rough estimate of the Ca2 current
immediately behind the plasma membrane (von Gers- at the active zone of a bipolar cell, assuming that all
dorff et al., 1996). Vesicles appear docked to the plasma Ca2 channels are localized to50 ribbons in a terminal
membrane over a region extending a few hundred nano- with a total Ca2 current of 150 pA (von Gersdorff et al.,
meters (arrows in Figure 7B). To calculate the likely ef- 1998). It should also be noted that global rises in [Ca2]
fects of the endogenous buffer on the Ca2 signal at are also important in regulating exocytosis in retinal
such an active zone, we used linear approximations to bipolar cells because there is a continuous mode of
Ca2 diffusion in a microdomain, which are discussed release driven by free Ca2 concentrations in the submi-
in detail by Naraghi and Neher (1997), Neher (1998), and cromolar range (Lagnado et al., 1996).
Bertram et al. (1999). Assuming a point source of Ca2
influx and negligible saturation of the buffer, the steady- How Does the Endogenous Buffer Regulate
state [Ca2] as a function of the radial distance R can Fast Exocytosis?
be approximated by The synaptic terminal of bipolar cells is one of the few
synapses for which we have direct information about[Ca2]  ICa exp(R/
)/(4FDCaR),
the Ca2 dependence of exocytosis. Ca2 triggers fast
exocytosis with a cooperativity of 3–4 (Heidelberger etwhere ICa is the Ca2 current through the point, F is the
Faraday constant, and DCa is the diffusion coefficient for al., 1994; Burrone and Lagnado, 2000), and the half-
maximal release rate (1500 s1) occurs at 200 Mfree Ca2 (200 m2 s1). The spatial extent of the Ca2
microdomain is determined by the space constant 
, Ca2 (Heidelberger et al., 1994). Figure 7D utilizes these
results to predict how the rate constant of exocytosiswhich is a measure of the distance a Ca2 ion diffuses
before it is intercepted by a buffer molecule. 
 is given by might vary as a function of distance from the center of
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the active zone. If one considers fast release as oc- activation of KCa channels with an efficiency equivalent
to 1–1.6 mM BAPTA. Edmonds et al. (2000) have sug-curring with a rate constant greater than 100 s1 (i.e.,
	  10 ms), then the endogenous buffer is expected to gested that the mobile buffer in saccular hair cells is
calretinin, a small soluble protein containing five func-cause the “domain of fast release” to localize sharply
to a region within 30 nm of the source of Ca2 influx tional EF hands. Schwaller et al. (1997) have found that
four of these sites bind Ca2 with a Kd of 1.5 M,(black trace). Vesicles docked outside this zone would
not appear during the first phase of exocytosis because similar to the Kd of 2.2 M which we estimated for the
endogenous buffer in bipolar cells. Calretinin and itsthe rate constant of release would be too low. Removal
of mobile buffers would be predicted to have two effects. homolog calbindin D-28K are abundant in the retina of
many species, and calretinin localizes to bipolar cellsFirst, fast exocytosis would be strongly accelerated. At
a distance of 30 nm, this acceleration would be 30-fold. in the trout (Weruaga et al., 2000).
It will be interesting to see how mobile Ca2 buffersSecond, fast exocytosis would be stimulated over a
larger region, extending 100 nm (red trace in Figure regulate exocytosis at classical synapses where exo-
cytosis is regulated by the action potential. We exam-7D). If vesicles were located at these greater distances,
they would be expected to contribute to the fastest ined responses to brief step depolarizations and Ca2
tail currents following a prepulse, but the kinetics ofphase of exocytosis and therefore increase the size of
the RRP. exocytosis will be strongly dependent on the waveform
of the presynaptic voltage signal. Small changes in theThe idea that vesicles with the potential for rapid re-
lease are docked at variable distances from Ca2 chan- shape of the action potential alter the duration and am-
plitude of the Ca2 current and, therefore, the amountnels is supported by two observations. First, the majority
of rapidly releasable vesicles were sensitive to EGTA, of exocytosis (Sabatini and Regehr, 1997). Finally, the
present results suggest that changes in the concentra-while a subpopulation was not (Figure 5D). Second, ki-
netic measurements in bipolar cells demonstrate that tion of mobile Ca2 buffers will alter the amount of exo-
cytosis triggered by a stimulus. The expression and lo-rapidly releasable vesicles have different sensitivities to
Ca2 influx, consistent with their location at different calization of calretinin in chick auditory neurons is
altered at the onset of synaptic activity (Hack et al.,distances from Ca2 channels (Burrone and Lagnado,
2000; see also Figure 6F). A similar observation has been 2000), raising the intriguing possibility that the efficiency
of synaptic transmission might be regulated by activity-made at the Calyx of Held (Sakaba and Neher, 2001),
where a proportion of rapidly releasable vesicles are dependent changes in the concentration of endogenous
Ca2 buffers.also sensitive to 1–2 mM EGTA (Borst and Sakmann,
1996). It is also notable that electron microscopy of
ribbon synapses in hair cells has led to the vesicles Experimental Procedures
docked at the active zone to be grouped into two classes
Electrophysiology(Lenzi et al., 1999); half were associated with the ribbon,
Depolarizing bipolar cells were isolated from the retina of goldfishclose to the center of the active zone, while the re-
by enzymatic digestion (Burrone and Lagnado, 1997). The standard
maining vesicles (termed “outliers”) were not directly Ringer’s solution contained 120 mM NaCl, 2.5 mM CaCl2, 2.5 mM
associated with the ribbon and docked at the periphery KCl, 1 mM MgCl2, 10 mM glucose, and 10 mM HEPES (pH 7.3). The
solution in the patch pipette contained 110 mM cesium gluconate,of the active zone. In hair cells, Ca2 channels probably
4 mM MgCl2, 3 mM Na2ATP, 1 mM Na2GTP, 10 mM TEACl, and 20congregate in a patch toward the center of the active
mM Hepes (260 mosmol l1, pH 7.2). To record K currents, cesiumzone immediately under the ribbon (Roberts et al., 1990).
gluconate was replaced by potassium gluconate. For perforatedIf the Ca2 channels at the ribbon synapse of bipolar
patch recordings this solution was supplemented with 250 g ml1
cells also congregate in the region of plasma membrane nystatin and 0.4 mM BAPTA. For conventional whole-cell re-
immediately under the ribbon, the vesicles toward the cordings, it was supplemented with varying concentrations of Ca2
chelators, as described in the text. Standard voltage-clamp re-periphery of the active zone may be expected to be
cordings were made using an EPC-9 amplifier (HEKA) and recordsmore sensitive to the effects of mobile buffers than those
leak subtracted. Electrode resistances were typically 2–5 M. Thetoward the center. We therefore suggest that the endog-
series resistance was typically 10–30 M in perforated patch modeenous buffer limits the size of the RRP by preventing
and then decreased to 8–15 M on rupturing the patch. The series
rapid exocytosis of vesicles toward the edges of the resistance was corrected by 50%–80% with a lag of 10 s. The
active zone. input resistance of a terminal was 1–6 G at60 mV. Nystatin inside
the patch pipette did not appear to make the surface membrane
“leaky” when recording in the whole-cell mode.The Buffering of Ca2 at Other Synapses
Capacitance measurements were made in synaptic terminals de-Measurements of  in neurons vary considerably. At
tached from the axon during the dissociation procedure. The “piece-
the Calyx of Held,   40, and it is thought that the wise linear” technique was implemented using the methods de-
endogenous buffer is immobile (Helmchen et al., 1997). scribed by Neves and Lagnado (1999). These recordings were made
with an Axopatch 200A amplifier (Axon Instruments) with an ITC-In comparison,   600 in the nerve terminals at crayfish
16 interface (Instrutech Corp., NY) controlled by the Pulse Controlneuromuscular junction (Tank et al., 1995). In the synap-
extension of Igor Pro software (Wavemetrics). Where appropriate,tic terminal of bipolar cells, we measured   930 at
measurements are given as mean  SEM.low levels of Ca2 (Figure 1), and most of this buffering
power was associated with mobile molecules that sup-
Assaying Changes in Free [Ca2] Usingpressed activation of KCa channels with an efficiency Fluorescent Indicators
similar to 1.2 mM BAPTA. Hair cells of the frog sacculus Cells were loaded with the Ca2-sensitive dyes fura-2 or mag-fura-5
(Roberts, 1993) and turtle cochlea (Tucker and Fetti- (Molecular Probes, Eugene, OR) by incubation in 1 M of the AM
ester for 15 min at room temperature. This procedure led to theplace, 1996) also contain mobile buffers that suppress
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loading of 50–70M of the dye, estimated by measuring the intensity [Ca2]t  [Ca2]  [CaB]  [CaI] (8)
of the fluorescence in the terminal at the isobestic wavelength and
andcomparing it with the average intensity measured when terminals
were loaded with 0.1 mM dye. The isobestic wavelengths were 360 [Ca2]t
[Ca2]
 1 
[CaB]
[Ca2]

[CaI]
[Ca2]
 1    I. (9)nm for fura-2 and 352 nm for mag-fura-5. Ratiometric measurements
of changes in [Ca2] were made at wavelengths of 340 nm and 380
nm using a monochromator-based illumination system (Cairn). The
Kd of fura-2 was taken as 225 nM. The Kd of mag-fura-5, measured Electron Microscopy
in vitro, was 20 M (Neves et al., 2001b). Dissociated retinal bipolar cells were plated onto Permanox dishes
and fixed in 0.1 M phosphate buffer (PB) containing 1.6% glutaralde-
hyde, 1% paraformaldehyde, 2 mM magnesium chloride, and 0.05%Assaying Changes in Free [Ca2] Using
sodium azide (pH 7.3) for 10 min. After washing in 0.1 M PB, theya Ca2-Activated Conductance
were postfixed for 1 hr using 0.2% osmium tetroxide plus 1.5%To allow measurement of the free [Ca2] in both perforated patch
potassium ferrocyanide in 0.1 M PB at 4C. Thorough washing withand whole-cell configurations, we monitored a Ca2-activated Cl
0.1 M PB was followed by washing in 0.05 M tris maleate bufferconductance in the surface membrane (Okada et al., 1995). Figures
(TMB) at pH 5.2. Next, 1% uranyl acetate was applied in 0.05 M8A and 8C show that the fall in [Ca2] after the closure of Ca2
TMB (pH 6.0) for 1hr at 4C. Finally, the cells were washed in 0.05channels was paralleled by a declining inward current due to the
M TMB (pH 5.2), then dehydrated and embedded in Epon812. Thinactivation of this conductance. The amplitude of this current was
sections, 80–100 nm thick, were stained in uranyl acetate and leadlinearly related to the free [Ca2] over the ranges reported by mag-
citrate. Microscopy was performed on a Philips EM208S.fura-5 (1 M Ca2; Figure 8B) and fura-2 (1 M Ca2; Figure 8D).
This conductance was linearly related to the free [Ca2] in the range
Calculating Rises in Total [Ca2]0.2–6 M, with a scaling factor of 9  2 pA/M at a membrane
The amount of Ca2 entering the terminal (in moles) was calculatedpotential of 70 mV (n  13 terminals). This approach is similar to
by integrating the Ca2 current. To calculate the rise in total [Ca2],that used by Tucker and Fettiplace (1996) to monitor the clearance
this quantity was divided by the volume within the terminal accessi-of Ca2 from turtle hair cells, although they used KCa channels.
ble to Ca2 ions. Confocal images of terminals stained with FM1-
43 indicate a shape roughly equivalent to a “spherical cap,” that isA Simple Model of Ca2 Buffering
a sphere with a part “chopped off” by a plane. A spherical cap ofTo quantify the buffering power of the terminal, we used a simple
height h and radius r will have a volume of 1/3h2 (3r h). Terminalsmodel that has been applied to a number of cell types, including
resting on a coverslip had a height of about one and one half timesrod photoreceptors (Lagnado et al., 1992) and chromaffin cells
the radius of 6 m and an estimated volume of 0.76 pl. Electron(Neher and Augustine, 1992). We assume that the spatially averaged
micrographs show that at least 40% of this volume is occupied byincrease in free [Ca2] represents Ca2 in equilibrium with endoge-
vesicles, mitochondria, and other organelles (Figures 7A and 7B),nous buffers, and we approximate these buffers as a single species
so the volume accessible to Ca2 ions was estimated to be 0.45 pl.B, so that
Thus, 1 pC of charge carried by Ca2 ions increased the total [Ca2]
by 11.45 M.[Ca2]  [B] ↔ [CaB]. (1)
Received June 30, 2001; revised November 12, 2001.The dissociation constant of the buffer is given by
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